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ABSTRACT Highly resolved Co depth profiles have been obtained during the initial
stages of Co growth on Si(100) at low temperature (−60 ◦C) by in situ high-resolution
Rutherford backscattering spectrometry. We found extensive Co in-diffusion in the
submonolayer growth regime even at this low temperature, besides Co on top of the
Si surface. The amount of diffused-in Co is larger than the amount of Co at the Si sur-
face. Every second Si layer is depleted of Co, starting at the Si surface, thus giving
rise to compositional oscillations of Co in the Si(100) lattice. At this low temperature
the growth of metallic Co on the Si surface is observed at 0.1 ML of deposited Co,
which continues for higher coverages. At much higher coverage (5.93 ML of Co) al-
most exclusively low Co content silicides are formed at the Co/Si interface. The data
presented here are compared with previous room temperature deposition data and are
different in several aspects.
PACS 68.35.-p; 68.55.ag; 75.47.-m; 82.80.Yc
1 Introduction
Exploiting the spin of the
electron in addition to its charge to ex-
plore a new generation of spintronic
devices which will be smaller, more
versatile and more robust than those cur-
rently making up silicon chips has both
fundamental and technological impor-
tance [1, 2]. High spin polarization of
Co at room temperature (∼ 40%) [3]
and a long spin coherence length in Si
(longer than micrometers) [4] make the
materials Co and Si attractive for spin-
injection experiments. In such a het-
erostructure of a Co thin film on a Si
substrate, any structural disorder at
the interface would drastically reduce
the spin polarization at the interface
and, hence, the spin-injection efficiency
[5–8]. If a small amount of Co diffuses
into the Si, each such Co atom will be
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likely to carry a local magnetic moment
oriented randomly with respect to the
magnetization direction of the Co thin
film. They will scatter the injected spin
polarized electrons, thereby degrading
their spin polarization [8]. Thus, in order
to control and improve the properties of
the interface, a detailed understanding
of its structure is necessary.
As understood from the growth
of Co on Si(100) at room tempera-
ture, diffused-in Co atoms occupying
the tetrahedral interstitial sites are the
main cause for the weakening of Si–Si
bonds [9–16]. These weakened bonds
allow Si atoms to diffuse out to the sur-
face and form silicide-like phases. Thus,
any experimental measure to prohibit
the diffusion of Co into the Si lattice
would reduce the formation of silicide.
In this article, we therefore inves-
tigated the Co depth distribution and
Co/Si composition at the initial stages
of Co growth on Si(100) in an in situ ex-
periment by high-resolution Rutherford
backscattering spectrometry (HRBS)
[17] at low temperature (−60 ◦C). From
a RUMP [18] fitting of our experimental
results we obtained information about
the main diffusing species, the thickness
of the reacted Si layer and the different
phases formed at −60 ◦C from very ini-
tial stages to fully metallic Co coverage.
2 Experiment
The in situ HRBS measure-
ments were performed in an ultra-high-
vacuum (UHV) system consisting of
a preparation chamber, connected to
a Pelletron accelerator, and an electro-
static spectrometer [17] for energy an-
alysis of scattered 2-MeV N+ ions at
an incidence angle of 2◦ to the sam-
ple surface and at a scattering angle
of 37.5◦. These angles are far enough
away from major crystal axes so that
ion-channeling effects can be ruled out
(critical angles of axial channeling are
of the order of 0.85◦). In the analy-
sis, scattered N3+ ions were used. Their
charge state 3 is very close to the equi-
librium charge state of scattered N ions
at the energies used in the experiment
and in this way artifacts are avoided
which can occur when non-equilibrium
charge states (e.g. 1 or 5) are used.
The energy resolution of the detector
is 4 keV for the present case, which
corresponds to 1-Å depth resolution in
Si and 0.5-Å depth resolution in Co.
Chemically cleaned n-Si(100) samples
with resistivity of 4–10 Ω cm (P-doped)
were further cleaned in UHV by flash
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heating at 950 ◦C. From this tempera-
ture the samples were slowly cooled to
−60 ◦C. The surface cleanness of the Si
samples was verified by HRBS meas-
urements. In the experiment, both the
Co growth (0.1 to 5.93 ML, 1 ML =
6.87×1014 atoms/cm2 = number dens-
ity of Si(100) layers) and the HRBS
measurements were done keeping the Si
substrate at −60 ◦C. Co with 4 N purity
was evaporated from an effusion cell.
Before use the effusion cell was out-
gassed; no C or O contaminants were
found during evaporation. The evapora-
tion rate (0.05 ML/min) was calibrated
by HRBS with an accuracy of about
5%. Each HRBS spectrum was taken on
a new spot (size ∼ 1 mm2) to minimize
the influence of radiation damage.
3 Results and discussion
The HRBS spectrum of the
Co distribution for the coverage of
0.1 ML is shown in Fig. 1a. The spec-
trum shows three distinct peaks, which
correspond to Co atoms in three well-
defined depths in the Si lattice: at the
surface, below the surface and some-
what further inside. In order to obtain
more detailed information about the Co
depth distribution, the Co spectrum was
simulated by the program RUMP [18].
In these simulations the Si sample was
subdivided into thin sublayers contain-
ing exactly 6.87×1014 /cm2 Si atoms
and the appropriate amount of Co atoms
added up. The composition of each sub-
layer was varied (by varying the Co
content) and the HRBS spectrum calcu-
lated for the assumed Co depth distribu-
tion until good agreement was achieved
with the experimental data. At the small
coverages of Fig. 1a and also Fig. 2a
(0.1–1.3 ML), the Co atoms were as-
sumed to be adsorbed on top of the Si
surface and to occupy sites in the (100)
Si layers, exclusively. The latter follows
the results of Meyerheim et al. [9], in-
dicating that at low Co coverage the Co
atoms take tetrahedral interstitial sites in
the Si lattice and four-fold hollow sites
in the first Si layer, which all are al-
located on (100) Si planes. We would
like to note that we can exclude the
growth of islands during Co deposition:
from an Auger study, Gallego et al. [16]
derived layer-by-layer growth of Co
with some Si intermixed during depo-
sition at room temperature. Also, from
FIGURE 1 0.1 ML of evaporated Co on Si(100)
at −60 ◦C. (a) Co edge of HRBS spectrum (cir-
cles) using 2-MeV N+ ions and RUMP simula-
tion (solid line). The peak at 1804 keV is due to
backscattering from Co at the surface, the 2nd
peak at 1796 keV is due to Co atoms in the −1st
Si layer and the 3rd peak is due to Co atoms in
the −3rd Si layer. (b) Co concentration (Co/Si)
in the different Si(100) layers of the Si crystal as
derived from the RUMP simulation. Each layer
consists of 6.87×1014 Si atoms/cm2 plus some
Co atoms. Layer 1 (hatched column) corresponds
to Co atoms growing on top of the Si crystal, layer
0 is the 1st Si layer; layers −1, −2 and −3 are sub-
sequent layers in the Si bulk (solid columns). (c)
Projected atomic positions of diffused Co atoms
in the Si lattice showing atomic positions corres-
ponding to the peaks of the HRBS spectrum
the HRBS data themselves this can be
excluded: when island growth occurs,
shadowing effects would become visi-
ble in the spectra at glancing incidence,
resulting in a ‘rounding off’ of the high-
energy edge of the spectra [19]. No such
effects are seen in our HRBS spectra.
We can, however, not exclude clusters of
Co which are incorporated inside the Si
lattice. Most probably such clusters are
present at very low coverage. In this case
the concentrations given in the follow-
ing are average concentrations of Co,
averaged over the individual layers.
Figure 1b shows the Co concentra-
tion in the different sublayers as ob-
tained from the RUMP simulation for
0.1 ML of Co coverage. According to
these results the top-most layer is a layer
of Co atoms on top of the Si surface
(1st layer). As a careful analysis of our
data shows, it is free of Si atoms (the
presence of Si atoms in this layer would
enter the RUMP simulation through
a different stopping power). As Fig. 1a
shows, we can fit our experimental data
very well in this way, which we can-
not do otherwise. It should be noted that
this result is different from results for
Co growth on Si(100) at room tempera-
ture by our group [13] (see also Fig. 2c)
and by Meyerheim et al. [9], where only
an incorporation of Co in the top-most
Si layer was observed. The next layer,
layer ‘0’ in Fig. 1b, is the top-most (100)
Si layer; it is almost free of Co. Layers
−1, −2 and −3 are subsequent layers
below the Si surface. They all exhibit
small amounts of Co. This means that at
a coverage as low as 0.1 ML, Co atoms
have apparently diffused into the Si bulk
up to the −3rd layer. The amount of
diffused-in Co atoms is even higher than
the amount of Co on top of the Si sur-
face. The Co atoms are, however, by
no means homogeneously distributed
over this range. As Fig. 1b shows, every
second Si layer is depleted of Co, thus
giving an oscillatory Co distribution
in the Si lattice. This is similar to the
model for the diffusion microstructure
of Ni in Si(100) by Chang and Ersk-
ine [20] and the distribution of metal
atoms in metal alloys like Cu3Au [21]
close to the surface. A similar behav-
ior is also observed for the growth of Fe
on Si(100) at very low coverage at room
temperature (to be published). In these
systems such a configuration is stabi-
lized by the minimization of the Gibbs
free energy, consisting of atomic bind-
ing, strain and surface energies and the
entropy of mixing.
Figure 1c finally illustrates the dis-
tribution of the Co atoms in the Si lattice
and correlates this distribution with the
peaks observed in the HRBS spectrum.
The first peak at 1804 keV thus corres-
ponds to Co atoms on top of the Si sur-
face, the second peak at 1796 keV to Co
atoms in the −1st layer (1.35 Å from
the Si surface) and the third peak to Co
atoms in the −3rd layer (4.05 Å from the
Si surface).
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FIGURE 2 (a) Co on Si(100), submonolayer coverage (0.1 to 1.3 ML) at −60 ◦C: Co edge of HRBS spectra (circles) using 2-MeV N+ ions and RUMP
simulations (solid lines). (b) Co concentration (Co/Si) in the different Si(100) layers of the Si crystal as derived from (a) by RUMP simulations. Each layer
consists of 6.87×1014 Si atoms/cm2 plus some Co atoms. Layer 1 (hatched column) corresponds to Co atoms growing on top of the Si crystal, layer 0 is
the 1st Si layer; layers −1, −2 and −3 are subsequent layers in the Si bulk (solid columns). Note: the y axis for 0.1 ML is scaled differently than the others.
(c) HRBS spectrum of Co on Si(100) deposited at room temperature [13] (2-MeV N+ ions, incidence angle 2.5◦, submonolayer coverage 0.08–1.19 ML):
experimental data (circles) and RUMP simulations (solid lines). The peaks between 1805 and 1815 keV are due to backscattering from Co at the surface.
A second peak in the range of 1785–1800 keV is due to subsurface Co enrichment in the Si bulk. (d) Co concentration (Co/Si) in the layers −3 to +1 of
Fig. 2b vs. the amount of evaporated Co (0.1 to 1.3 ML) on Si(100). As the figure shows, layers 0 and −2 are Co depleted compared to adjacent layers
With increasing coverage (from 0.36
to 1.3 ML) the amount of diffused-
in Co increases, as does the amount
of Co on top of the Si surface (see
Fig. 2a), but the oscillatory behavior in
the HRBS spectra is still preserved. This
can also clearly be seen in the results
of the RUMP simulation of the spec-
tra (Fig. 2b). From this compositional
analysis it is further clear that for all
coverages metallic Co grows on top of
the Si surface, in addition to diffused-
in Co. The diffused-in Co atoms now
fill up Si layers which were Co depleted
before, but the oscillatory behavior of
the Co distribution is still preserved: the
0th and −2nd layers remain depleted
of Co at all coverages. The Co con-
tents (Co/Si) in the layers +1 to −3
as obtained from Fig. 2b are plotted in
Fig. 2d vs. the evaporated amount of Co
(0.1–1.3 ML). The slopes of the plots
are indicative of the incorporation rates
of Co at and below the surface at differ-
ent Co coverages. The concentrations of
Co in layer 0 and layer −2 are lowest
for all coverages. At very initial stages
of growth (for 0.1 and 0.36 ML) the
amounts of Co in layer 1 and layer 0 stay
almost constant, while the amounts of
Co in layer −1 and layer −3 strongly
increase (see also Fig. 2b). This means
that the strong in-diffusion of Co con-
tinues at this coverage, leaving the Co
content of the surface layer (layer 1) al-
most unaffected. We would like to note
that this is consistent with the sugges-
tions by Horsfield and Fujitani [22] and
Peng et al. [23], based on theoretical
studies, that bulk diffusion of Co in Si
should be very fast, possibly faster than
surface diffusion, and the experimen-
tal observation of Lee and Bennett [24],
who found that bulk diffusion is much
faster than surface diffusion at high tem-
perature. Our observations find the same
for small coverages even at −60 ◦C.
For direct comparison with the low
temperature growth data presented here,
Co HRBS spectra of a sample grown
at room temperature [13] (22 ◦C, meas-
ured with 2-MeV N+ ions, incidence
angle 2.5◦ and scattering angle 37.5◦)
are presented in Fig. 2c. As the fig-
ure shows, the distribution of Co in
this sample is markedly different: (i)
at −60 ◦C the Co atoms at the surface
occupy positions on top of the Si sur-
face instead of being incorporated in the
Si surface, as observed at 22 ◦C. This
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FIGURE 3 HRBS spectra of both the Si and Co edges. (a) 5.93 ML of Co deposited at −60 ◦C and
(b) 23.42 ML of Co deposited at room temperature (22 ◦C), together with simulations of the spectra by
RUMP (solid lines through the data). The insets show the Si and Co concentrations at the interface as
obtained from the RUMP simulations
results in the formation of a pure Co
surface layer at −60 ◦C instead of the
formation of a silicide surface layer at
22 ◦C. (ii) At −60 ◦C the in-diffusion
of Co is strongly reduced. One can
see directly from Fig. 2 that the Co
atoms are localized closer to the sur-
face at low temperature than at room
temperature. The Co distribution shows
a diffusion tail-like envelope at −60 ◦C
which decays rapidly with increasing
depth, while at room temperature a two-
peak structure is found with surface
and subsurface enrichment of Co. (iii)
For growth at −60 ◦C pronounced os-
cillations in the Co distribution are ob-
served even for coverages above 1 ML
(1.3 ML). At room temperature only in-
dications of such oscillations can be
seen for very low coverage. Appar-
ently, room temperature is sufficient to
distribute the Co atoms more homo-
geneously over the different Si layers.
Besides, at 22 ◦C, a subsurface max-
imum in the Co distribution seems to be
energetically more favorable.
The consequences of such an in-
hibited Co in-diffusion at low tempera-
ture for the Co/Si interface structure
are illustrated in Fig. 3 at higher cover-
age. There, for direct comparison with
low-temperature growth (5.93 ML of
Co grown at −60 ◦C, Fig. 3a), a HRBS
spectrum of 23.4 ML of Co grown on
Si(100) at room temperature is shown
in Fig. 3b. Besides the Co spectra, the
high-energy edges of the Si spectra
are also shown. For the measurements,
beams of 2-MeV N+ ions (incidence
angle 2.5◦, Fig. 3a) and 2-MeV He+ ions
(incidence angle 5◦, Fig. 3b) were used
for −60 ◦C and 22 ◦C growth condi-
tions, respectively. The scattering angle
was 37.5◦ in both cases. The RUMP
simulations of these spectra are shown
as solid lines. (Since we cannot as-
sume a more or less perfect Si lattice
with a few Co interstitials at this high
coverage, the samples were subdivided
into thin sublayers of the thickness of
6.87×1014 atoms/cm2 (Co+Si atoms)
in the simulations.) For both cases the
Co/Co+Si compositions at the inter-
face are shown in the insets of Fig. 3, as
obtained from the RUMP simulations.
It is clearly evident that the interface
structures at these two temperatures (be-
sides attaining two different coverages)
exhibit considerable differences. (i) At
−60 ◦C the interdiffusion of Co and Si
is strongly reduced. As a consequence,
the growth of pure metallic Co starts
much earlier than at 22 ◦C. At the depo-
sition of 5.93 ML of Co, one monolayer
of metallic Co has formed. (ii) The in-
terdiffusion depths of Co and Si seem
to be similar for both growth tempera-
tures, but the amount of Co in the sili-
cide phases is much smaller at −60 ◦C
(4.93 ML of Co) than at 22 ◦C (17.4 ML
of Co). (iii) The silicide phases formed
at the interface are quite different: at
−60 ◦C only 1 ML of the Co2Si and
3 ML of the CoSi phases are formed,
followed by a long tail of low Co con-
tent silicides into the Si bulk. In contrast,
at room temperature, well-defined thick
silicide layers of higher Co concentra-
tions are formed at the interface: 4 ML
of Co2Si, 25 ML of CoSi and 4 ML of
CoSi2. The fraction of stoichiometric
CoSi phase formed at the interface is
much smaller for −60 ◦C (1.5 ML of
pure Co, corresponding to 30% of the
total amount of Co in silicide phases)
than for 22 ◦C (12.5 ML of pure Co, cor-
responding to 72% of the total amount
of Co in silicide phases).
4 Summary
In summary, the Co depth
distribution has been measured with
monolayer depth resolution in in situ
HRBS experiments for Co deposition in
the range of 0.1–1.3 ML at −60 ◦C. At
very low coverage Co diffusion into the
bulk Si has been observed. The amount
of in-diffused Co is, however, less than
at room temperature. Also, at −60 ◦C,
Co is the main diffusing species. In con-
tradiction to room-temperature growth,
Co atoms form layers of pure Co on
top of the Si surface at very low cov-
erage. Every second Si layer, starting
with the first Si layer, is Co depleted.
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This leads to an oscillatory Co distri-
bution in the Si lattice which is pre-
served up to higher coverages (1.3 ML).
Thus, by low-temperature evaporation
we have not only achieved reduced dif-
fusion of Co atoms into the Si lattice, but
also reduced out-diffusion of Si, which
leads to the growth of metallic Co at
the surface right from the beginning.
For thicker layers of deposited Co, the
low-temperature growth at −60 ◦C re-
sults in the formation of an interface
silicide layer with low Co content and
only a very thin layer of stoichiometric
CoSi composition when compared with
room-temperature deposition. There,
a thick layer of stoichiometric CoSi is
formed.
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